Dilated cardiomyopathy (DCM) is characterized by left ventricular (LV) or biventricular dilatation and systolic dysfunction that often leads to heart failure and sudden cardiac death [@bib1]. Genetic forms of DCM are heterogeneous, which became more evident with the widespread use of next-generation sequencing panels or exome sequencing [@bib2]. To date, \>50 disease-related genes have been reported, although relatively few are supported by robust segregation analyses or experimental data. Mutations in genes encoding inner nuclear membrane (INM) proteins lamin A/C (*LMNA*) and emerin (*EMD*) have been shown to be involved in the pathogenesis of DCM. *LMNA* encodes A-type lamins, which are intermediate filaments that, together with B-type lamins, form a filamentous structure that underlies the nuclear envelope (NE) [@bib3]. Dominant *LMNA* mutations cause a variety of phenotypes involving skeletal muscle, cardiac muscle, adipose tissue, and peripheral nerves, including a form of Emery-Dreifuss muscular dystrophy and isolated DCM. *LMNA* mutations account for 6% to 10% of genetically determined DCM and are frequently associated with arrhythmias and conduction system disturbances [@bib4]. *EMD* encodes an LEM domain protein located in the nuclear lamina and has a role in assembly of the nuclear lamina and structural organization of the NE. *EMD* mutations are associated with an X-linked form of Emery-Dreifuss muscular dystrophy, which usually includes a severe form of cardiomyopathy [@bib5]. Moreover, variants in genes encoding other nuclear membrane components have also been implicated in cardiomyopathy, including SYNE1, SYNE2, and LAP2α [@bib1].

LEM domain containing protein 2 (LEMD2) is a member of the group II LEM domain proteins, which contain ∼40 conserved amino acids representing the LEM domain, a domain discovered previously in other INM proteins [@bib6], [@bib7], [@bib8], [@bib9]. It is ubiquitously expressed in the INM of the NE with an increase during telophase and lower expression in the endoplasmic reticulum [@bib10], [@bib11], [@bib12], [@bib13]. LEMD2 binds the deoxyribonucleic acid (DNA)-binding protein barrier to autointegration factor (BANF) mediated by the LEM domain and interacts with nuclear lamins by its N-terminal and transmembrane domains [@bib14]. Complete disruption in mice causes embryonic lethality by embryonic day 11.5, leading to reduced sizes of most tissues. Neural and heart structures appeared to be less developed and/or abnormal. Studies of knock-out embryos exhibited thin myocardium with underdeveloped trabeculae, consistent with a role for LEMD2 in cardiac development. Moreover, knockdown of it in an immortalized mouse myoblast cell line (C2C12) causes a myogenesis defect [@bib13], [@bib15].

Recently, a mutation in *LEMD2* has been associated with juvenile cataract and a risk for sudden cardiac death in the Hutterite population [@bib16]. The Hutterite population is a genetic isolate who originated in Europe in the 16th century and emigrated to the United States and Canada in the 1870s. They can be traced back to \<100 founders and are divided into 3 branches: Dariusleut, Lehrerleut (L-leut), and Schmiedeleut (S-leut) [@bib17], [@bib18].

In the present study, we clinically and genetically characterized 2 large Hutterite families with LEMD2-associated disease from the L-leut and S-leut branches. Individuals carrying the homozygous mutation (c.38T\>G; p.L13R) in the *LEMD2* gene exhibited a new form of arrhythmic cardiomyopathy with localized inferior and inferolateral myocardial scarring and severe arrhythmias but only mild impairment of systolic LV function. Cardiac tissue and fibroblasts from affected patients exhibited abnormally shaped and elongated nuclei as well as heterochromatin disorganization. Mutant fibroblasts showed a proliferation defect and cell senescence but no increased apoptosis, suggesting an involvement of mutant LEMD2 in chromatin remodeling processes and premature aging.

Methods {#sec1}
=======

Patient characterization {#sec1.1}
------------------------

The study conformed to the principles outlined in the Declaration of Helsinki and was approved by institutional review boards of the University of Calgary and University of Manitoba (ID-E23515, ID-E20729, HS16978). All participating individuals provided written informed consent. Clinical evaluation included 12-lead electrocardiography, signal-averaged electrocardiography, and exercise testing according to the Bruce protocol, 24-h Holter monitoring, and 2-dimensional transthoracic echocardiography and/or cardiac magnetic resonance (CMR) imaging. In some cases, additional investigations and/or records such as reports from implantable cardioverter-defibrillators (ICDs) were obtained. Medical records of deceased individuals have been collected when possible to reconstruct their phenotypes. Tissue blocks of heart and liver of the deceased individual 600, II-16 have been further investigated. A skin biopsy was taken from individual 600, II-18, indicated as "Pat" and 2 volunteers at an age of 40 years (age-matched control subjects: Ctrl1 and Ctrl2) and 61 years ("old" senescent control: Ctrl3) for isolating dermal fibroblasts.

Genetic studies {#sec1.2}
---------------

DNA from 4 affected individuals of family 600 (II-2, II-3, II-18, and III-4) were extracted and underwent exome sequencing. Sequence enrichment was performed by using the Agilent SureSelect Whole Human Exon 50 Mb XT (version 3) kit (Agilent Technologies, Santa Clara, California) and sequenced on a 5500xl SOLiD system (Thermo Fisher Scientific, Waltham, Massachusetts). Raw color space sequences were error-corrected and aligned to the human reference genome version hg19 with version 2.5 of the 5500xl manufacturer\'s LifeScope software version 2.5, using the "targeted.resequencing.pe" workflow [@bib19]. The aligned sequences were deduplicated, realigned, and genotypes called by using multiple third-party programs, using the validated workflow described previously [@bib20]. Nonsynonymous single nucleotide variants (SNVs) and insertions and deletions in coding regions were retained for the downstream analysis, which were further annotated with functional impact. Minor allele frequencies of the control subjects were evaluated by using the Genome Aggregation Database [@bib21]. Rare homozygous variants (population allele frequency \<0.05) that were shared among all 4 individuals were identified as potential causal variants. Fine mapping was undertaken in 4 affected family members of family 600 and 2 affected family members of family 290 (III-12 and III-13) using 8 SNVs that flanked the 18.3 Mb homozygous region at chr.6p21.3 containing LEMD2.

Molecular modeling {#sec1.3}
------------------

The PyMOL Molecular Graphics System, version∼1.3r1 (August 2010) by Schrödinger LLC (Cambridge, Massachusetts), was used to introduce the p.L13R mutation into the LEMD2 domain with the atomic structure PDB ID [2ODC](pdb:2ODC){#intref0020} [@bib22]. The Swiss Model Homology Server was used to generate a model of this domain, including the mutant p.L13R using LEM domain template (PDB ID [2ODC](pdb:2ODC){#intref0025}).

Histology and transmission electron microscopy {#sec1.4}
----------------------------------------------

Heart tissue was embedded in paraffin, and 5-μm thick slices were deparaffinized and stained with hematoxylin and eosin, Masson's trichrome, and picro sirius red (1% sirius red in saturated aqueous picric acid) as previously described [@bib23]. An Olympus Bx54 microscope equipped with an UPlanSApo 100x/1.4NA objective (Olympus, Tokyo, Japan) was used for imaging. Samples for the transmission electron microscopy were fixed, dehydrated, and embedded in resin blocks. Blocks were split to 50- to 70-nm thin sections and imaged by using a Hitachi H-7650 transmission electron microscope (Hitachi High Technologies America, Inc., Schaumburg, Illinois).

Plasmid generation and cell culture {#sec1.5}
-----------------------------------

A plasmid containing the full-length human *LEMD2* complementary DNA fused to an enhanced green fluorescent protein (eGFP)-tag on the C terminus was purchased (GeneCopoeia, Rockville, Maryland). The mutation c.38T\>G was introduced by using the QuikChange Lightning Kit (Agilent Technologies). The mCherry-tagged Lamin A plasmid (Addgene, Cambridge, Massachusetts) was purchased and used for co-transfection. C2C12 and HEK293 cells were cultured in Dulbecco's modified Eagle's medium (L-glutamine, 4.5 g/l glucose; Lonza Group, Basel, Switzerland) supplemented with10% fetal calf serum and 500 U/ml penicillin and 500 μg/ml streptomycin. Fibroblast cell lines were cultured in gelatin 0.01% (MilliporeSigma, Burlington, Massachusetts) coated plates and incubated in fibroblast media consisting of Dulbecco's modified Eagle's medium (L-glutamine, 4.5 g/l glucose; Lonza Group) supplemented with 10% fetal calf serum, 500 U/ml penicillin, 500 μg/ml streptomycin, and MEM Non-Essential Amino Acids Solution 100× (Thermo Fisher Scientific).

Immunocytochemistry, immunohistochemistry, and confocal microscopy {#sec1.6}
------------------------------------------------------------------

C2C12 cells were transfected with either eGFP-LEMD2 or mCherry-Lamin A/C or co-transfected with both by using Lipofectamine 2000 (Thermo Fisher Scientific). Forty-eight hours after transfection, cells were fixed for 20 min in 4% paraformaldehyde at 4°C, washed 3 times with phosphate-buffered saline (PBS) for 10 min each) and blocked for 1 h with goat serum. Afterwards, the slides were washed, and Prolong Gold Antifade Mountant with 4′,6′-diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific) was added. Fibroblast cells were spread on 0.01% gelatin-coated cover slides and incubated at 37°C for 48 h and fixed with 4% paraformaldehyde for 20 min at 4°C. Paraffin-embedded tissue slides (5 μm) were deparaffinized by using xylene and ethanol. Tissue and fixed fibroblast cells were washed with PBS, blocked with goat serum, and stained overnight with primary antibodies followed by secondary antibodies conjugated with Alexa-488 and Alexa-555 dyes for 2 h at room temperature ([Supplemental Table 1 and Supplemental Figure 1](#appsec1){ref-type="sec"} for isotype control staining) and embedded in ProLong Gold Antifade Mountant with DAPI. The LSM5 Exciter (Carl Zeiss AG, Oberkochen, Germany) was used for confocal imaging. All images were processed with Zen software v6,0,0,303 (MDaemon Technologies, Ltd., Grapevine, Texas).

Western blot analysis {#sec1.7}
---------------------

Transfected HEK293 cells were collected 48 h after transfection. Fibroblasts were harvested after reaching 80% confluence. Both were collected in radio-immunoprecipitation assay buffer supplemented with proteinase inhibitor cocktail (Roche, Mannheim, Germany) and homogenized. Protein samples were separated by using sodium dodecyl sulfate polyacrylamide gel electrophoresis, transferred to the membrane and incubated with primary antibodies overnight at 4°C followed by the horseradish peroxidase--conjugated secondary antibody at room temperature for 2 h ([Supplemental Table 1](#appsec1){ref-type="sec"}). Bands were detected on the ChemiDoc equipment (Bio-Rad, Hercules, California) after adding Amersham ECL Western Blotting Detection Reagent (GE Healthcare, Life Sciences, Chicago, Illinois). Bands were quantified by using Image Lab Touch Software version 6.0 (Bio-Rad, Hercules, California).

Fibroblast cell proliferation assay {#sec1.8}
-----------------------------------

Fibroblast cells from a 38-year-old patient (family 600, II-18), a 40-year-old age-matched control subject (Ctrl1), and a 61-year-old male control subject (Ctrl3) at different passage numbers were used for the proliferation assay. Cells were diluted to 20,000 cells/ml with fibroblast medium and seeded into a 96-well flat bottom plate coated with gelatin and incubated at 37°C for 2 h before scanning. The plate was placed into the IncuCyte ZOOM system (Essen BioScience Inc., Ann Arbor, Michigan) and scanned under the phase 4× object with a 2-h interval. Collected data were analyzed by using the IncuCyte ZOOM's confluence processing analysis tool (basic analysis).

Apoptosis assay from tissue {#sec1.9}
---------------------------

Paraffinized sectioned slices from heart and liver of the deceased patient (family 600, II-16) and a control were stained with 5-bromo-2′-deoxyuridine 5′-triphosphate according to the APO-BRDU-IHC Colorimetric kit (MilliporeSigma) instructions [@bib24]. Images were conducted by using the Olympus Bx54 microscope equipped with an UPlanSApo 100x/1.4NA objective (Olympus, Tokyo, Japan).

Terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling and cell senescence assay of fibroblasts {#sec1.10}
-------------------------------------------------------------------------------------------------------------

Fibroblasts were harvested and fixed with freshly prepared 2% paraformaldehyde for 1 h at room temperature. Cells were suspended in permeabilization solution and incubated with terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling reaction mixture for 1 h at 37°C in the dark. For the staining, the *in situ* cell death detection kit (Roche) was used. Cells were sorted with the fluorescence-activated cell sorting (FACS) Calibur (Becton Dickinson) flow cytometer, and the results were analyzed with FlowJo software version 7.6.1 (FlowJo, Ashland, Oregon). Cultured fibroblasts with identical passage number were subjected to β-galactosidase staining by using a senescence β-galactosidase staining kit (CS0030, MilliporeSigma) following the manufacturer's instructions.

Cell cycle analysis {#sec1.11}
-------------------

Harvested fibroblasts were fixed by --20°C pre-cooled 75% ethanol and stored at --20°C overnight. Fixed cells were rinsed twice with PBS, re-suspended in PBS containing 100 μg/ml RNase A (Takara Bio, Kusatsu, Japan), and incubated at 37°C for 30 min. Propidium iodide 40 μg/ml plus 0.25% Triton X-100 was added to the cell suspension, and cells were incubated in the dark at 37°C for 30 min. Stained DNA was analyzed by using a FACS Calibur flow cytometer and FlowJo software version 7.6.1.

Statistical analysis {#sec1.12}
--------------------

All datasets are expressed as mean ± SEM. The replicates and numbers (N) of experiments are indicated with each experiment. Two-way analysis of variance was used for all the assays with multiple samples. Statistical analyses were performed by using Prism 7 software (version 7.0a; GraphPad Software, La Jolla, California), if not otherwise indicated.

Results {#sec2}
=======

Arrhythmic cardiomyopathy with regional inferior and inferolateral myocardial scarring is associated with juvenile cataract {#sec2.1}
---------------------------------------------------------------------------------------------------------------------------

We clinically investigated 20 members of 2 extended families (family 600 and family 290) of the L-leut and S-leut branches of the Hutterite population who have a history of bilateral juvenile cataract ([Figure 1A](#fig1){ref-type="fig"}, [Table 1](#tbl1){ref-type="table"}). The phenotype of bilateral juvenile cataract was reported previously in family 600 [@bib16], [@bib25], [@bib26]; however, it became obvious that cardiac disease may also be associated with it after 2 individuals from the original publications died suddenly at the ages of 28 and 43 years (family 600, III-2 and II-16).Figure 1Clinical Features of 2 Extended Hutterite Families With Arrhythmic Cardiomyopathy and Juvenile Cataract**(A)** Pedigrees of 2 multigenerational Hutterite families of L-leut (family 600) and S-leut (family 290) descendants. **Filled black squares** (male subjects) and **circles** (female subjects) refer to affected individuals with cataract and arrhythmic cardiomyopathy. **Filled upper half symbols** indicate individuals diagnosed with arrhythmic cardiomyopathy. **Filled lower half symbols** refer to individuals with juvenile cataract. **Diagonal lines** indicate deceased individuals. **Double lines** refer to known consanguinity. The genotype indicated by a "+" is the p.L13 (wild-type) allele and that indicated by a "-" is the mutant p.R13 allele. **(B)** Short-axis views of late gadolinium enhancement cardiac magnetic resonance imaging of family 290, II-20 (a), II-22 (b), III-20 (c), and III-21 (d) confirming nearly transmural delayed enhancement of the inferior/inferolateral walls as indicated by the arrows. **(C)** Rhythm strip of individual 600, II-18 recorded by the implantable cardioverter-defibrillator before delivering an appropriate shock **(upper panel)**. Representative 12-lead electrocardiogram of the same individual showing deep T-wave inversions inferior and lateral corresponding to areas of fibrosis in the cardiac magnetic resonance image **(lower panel)**. DNA = deoxyribonucleic acid; LEMD2 = LEM domain containing protein 2.Table 1Clinical Characteristics of Individuals With Bilateral Juvenile CataractAge of Investigation (yrs)CMREchocardiographyECGArrhythmias (24 Holter)SA-ECGICD or ILRCataractClinical HistoryOtherTissue Characterization (Scar) and Wall Motion AbnormalitiesRVEDViRVEFLVEDViLVEFFamily 600 II-231Inferior and inferolateral scar, thinned and a kinetic, fibrosis subendocardial and subepicardial74 ml/m^2^52%84 ml/m^2^47%LA dilated, mildly reduced LV function, hypokinetic apex, LVEDD 5.0 cm (normal), normal RV functionSR, T-wave inversions III, aVF, V~4~-V~6~2,757 isolated PVCs, 51 couplets, slow runs of nsVT, no pauses3/3 positive for late potentialILR: no significant arrhythmiasYesNo symptoms, no faintingNA II-329Fibrosis inferior and inferolateral with corresponding hypokinesis, fibrosis subendocardial and subepicardial72 ml/m^2^57%84 ml/m^2^48%Normal LA, LVEF 45%, inferolateral wall akinetic, LVEDD 4.7 cm (normal), normal RV functionSR, incomplete RBBB, T-wave inversions II, III, aVF, V~5~, V~6~, delayed R V~2~-V~4~1,984 isolated PVCs, 38 couplets, no nsVT, no pauses3/3 positiveILR: no significant arrhythmiasYesNo symptoms, no faintingNA III-228 deathsNANANANANAModerate decreased LV and RV function, LVEF 36%SR, RBBB, abnormal R-wave progression V~3~-V~5~, T-wave inversion across all leadsNANANAYesDied suddenly during work; felt unwell few hours before, 3 yrs ago diagnosed with peripartum cardiomyopathyNA II-16\
AR-900A 62[†](#tbl1fndagger){ref-type="table-fn"}42 deathsNANANANANANANANANANAYesDied suddenly during kitchen work; no previous symptomsAutopsy[∗](#tbl1fnlowast){ref-type="table-fn"} II-18\
AR-900A 31[†](#tbl1fndagger){ref-type="table-fn"}38Basal and mid inferolateral and apical lateral hypokinetic, apex dyskinetic, same segments transmural scarring101 ml/m^2^54%94 ml/m^2^43%Normal LA, LVEF 45%, mild global hypokinesis, apex akinetic, LVEDD 4.2 cm (normal), normal RV functionSR, T-wave inversions III, aVF, V~3~-V~6~, delayed R-wave progression V~2~-V~6~nsVT runs of 10 and 13 beats, monomorphic, frequent PVCs (2286), no pausesNAICD: 1× shock fast polymorphic VTYesSyncope associated with ICD shockCT angiogram: no coronary artery disease III-4\
AR-900A 37[†](#tbl1fndagger){ref-type="table-fn"}9NANANANANANormalNormal for ageNone3/3 negativeNAYesNo symptoms, no faintingNormal exercise stress testFamily 290 III-1221None84 ml/m^2^63%97 ml/m^2^56%NormalEarly repolarization1 isolated PAC, no nsVT1/3 positiveNAYesNo symptoms, no faintingNA III-1319None108 ml/m^2^51%100 ml/m^2^58%NormalNormal for ageNormal1/3 positiveNAYesNo symptoms, no faintingNA III-1410None84 ml/m^2^55%78 ml/m^2^56%NormalNormal for ageNormal2/3 positiveNAYesNo symptoms, no faintingNA III-2020Delayed enhancement inferolateral wall62 ml/m^2^51%67 ml/m^2^64%NormalNormal for age650 PVCs, 1 couplet, no nsVT1/3 positiveNAYesNo symptoms, no faintingNormal Exercise stress test III-2115Delayed enhancement inferolateral wall57.5 ml/m^2^58%64 ml/m^2^57%NormalNormal for ageNormalNormalNAYesNo symptoms, no faintingNA II-2046Delayed enhancement, epi-mid myocardial, inferolateral wall mid-level66 ml/m^2^58%57 ml/m^2^68%NormalNormalNormalNormalNAYesNo symptoms, no faintingNormal exercise stress test II-2143Delayed enhancement, epi-mid myocardial, inferolateral wall at base64 ml/m^2^54%68 ml/m^2^57%NormalNormal4,800 PVCsNormalNAYesNo symptoms, no faintingNormal exercise stress test II-2236LV basal inferolateral wall akinesis, LBBB (abnormal septal motion), delayed enhancement basal inferior lateral walls38 ml/m^2^70%93 ml/m^2^45%Regional wall motion abnormalities, moderately dilated LALBBB, T inversions V~4~-V~6~NANAICD, no shocksYesCollapsed with exertion, required resuscitation, cardioversion for sustained VTNormal coronary angiogram III-58NANANANANANormalNormal for ageNormalNormalNAYesNo symptoms, no faintingNA III-613None109.3 ml/m^2^56%79.6 ml/m^2^56%NormalSR RBBBRare PVCs of 2 dominant morphologiesAbnormal repolarizationNANot at age 13 yrsNo symptoms, no faintingHomozygous for LEMD2 p.L13R II-525NANANANANADilatation of both ventricles, severe MV regurgitation, severe systolic dysfunctionLBBB with left-axis deviationNANANAYesFollowed up from age 25 yrs, heart transplant at age 27 yrs, today age 44 yrsNo cardiac pathology available II-444 deathsNANANANANANANANANANAYesDied suddenly at kitchen table at age 44 yrs, history of "enlarged heart"No autopsy done II-630 deathsNANANANANANANANANANAYesDied suddenly at age 30 yrs while skatingNo autopsy done II-351 deathsNANANANANANANANANANAYesDied suddenly at age 51 yrs, was followed up for "cardiac condition"No autopsy done[^2][^3][^4][^5]

Eighteen additional individuals from both families with a history of bilateral juvenile cataract were identified. Those who were available for study underwent detailed cardiac investigations ([Table 1](#tbl1){ref-type="table"}). Six individuals aged 8 to 22 years had normal clinical findings. The remainder exhibited some form of cardiac disease that appeared to be age dependent. A group of 4 people (family 290, II-20, II-21, III-20, and III-21) aged 15 to 46 years demonstrated a subclinical phenotype with normal cardiac function and no arrhythmias but a pattern of fibrosis detected by late gadolinium enhancement (LGE) in the cardiac magnetic resonance imaging (MRI) ([Figure 1B, a,c,d](#fig1){ref-type="fig"}). Interestingly, the LGE pattern and location appeared to be very specific and was also seen in more severely affected individuals ([Figure 1B, b](#fig1){ref-type="fig"}).

In the entire cohort, 5 individuals died of sudden cardiac death ranging in ages from 28 to 51 years (family 600, III-2 and II-16; family 290, II-3, II-4, and II-6). One additional individual had a sudden cardiac arrest on exertion at the age of 36 years and was resuscitated (family 290, II-22). This patient along with 3 other individuals between 29 and 38 years of age (family 600, II-2, II-3, and II-18) also exhibited a significant pattern of scarring in the CMR imaging in the inferior and lateral wall segments with transmural LGE. All 4 individuals had wall motion abnormalities and mildly reduced systolic LV function ranging between 43% and 48% on CMR imaging. A similar pattern of LGE can also be observed in inferior/inferolateral myocardial infarction. Therefore, 2 of the patients underwent a computed tomography angiogram (family 600, II-18) or a coronary angiogram (family 290, II-22), and normal coronary arteries were found. Patient 600, II-18 had an ICD placed for primary prevention and had ventricular arrhythmias terminated by an ICD shock ∼1 year later ([Figure 1C](#fig1){ref-type="fig"}).

Two patients had phenotypes more consistent with progressive dilation and heart failure rather than having a sudden arrhythmogenic event (family 290, II-3 and II-5). Patient 290, II-5 presented at 25 years of age due to shortness of breath and was found to have a phenotype of DCM with severe mitral regurgitation and significant systolic dysfunction. His disease progressed over the next 2 years despite medical therapy, and he eventually received a heart transplant. He is currently doing well in his 40s but unfortunately many of his medical records reporting the clinical phenotype were not available for this study, including cardiac pathology findings. His sisters (family 290, II-3 \[mentioned earlier\] and II-4) reportedly had similar clinical phenotypes and were being medically managed when they died suddenly of presumed arrhythmias.

Although not assessed by a neuromuscular specialist, none of the homozygous carriers demonstrated clinically evident skeletal muscle disease. Of note, several heterozygous carriers of family 600 underwent clinical investigations with electrocardiography and echocardiography (e.g., all siblings and the parents of patient 600, II-16); no cardiac abnormalities have been observed.

Overall, the cardiac phenotype can be summarized as a LV cardiomyopathy with or without dilatation with a localized inferior and inferolateral pattern of fibrosis and subsequent wall motion abnormalities in this region. The main clinical phenotype is characterized by ventricular arrhythmias and sudden death, suggesting the term arrhythmic cardiomyopathy although a subset presented with a phenotype more consistent with classic DCM. The earliest signs of the disease were detected in individual 290, III-21 with mild changes in the CMR imaging at 15 years of age ([Figure 1B, d](#fig1){ref-type="fig"}), whereas 6 individuals, all ≤22 years of age, have not yet shown any signs of the disease ([Table 1](#tbl1){ref-type="table"}).

Genetic analyses confirmed a homozygous mutation in LEMD2 (c.38T\>G; p.L13R) in all clinically affected individuals {#sec2.2}
-------------------------------------------------------------------------------------------------------------------

Recently, a homozygous mutation in the inner nuclear membrane protein LEMD2 (c.38T\>G; p.L13R) was reported by Boone et al. [@bib16] in individuals of the Hutterite population with juvenile cataract and sudden death. The cohort we report here consists of 3 affected individuals reported from the original publication by Boone et al. (II-16, II-18, and III-4 in family 600) ([Table 1](#tbl1){ref-type="table"}) and an additional 17 unique affected individuals. We independently confirmed the region of homozygosity on chromosome 6p21.31 between genomic positions 24,784,436 and 43,044,640, covering 18.3 Mb. Eight SNVs with a minor allele frequency \<0.01 located in the shared region were used for fine mapping of 4 affected family members of family 600 and 2 affected family members (III-12 and III-13) of family 290, which narrowed down the region of homozygosity on chr.6p.21 to 6.8 Mb containing ∼60 genes ([Supplemental Table 2](#appsec1){ref-type="sec"}). *LEMD2* was the only gene containing a novel homozygous missense mutation c.38T\>G; p.L13R (chr.6: 33,772.202), which was not found in the Genome Aggregation Database [@bib21]. All individuals from both families with juvenile cataracts were found to be homozygous for the c.38T\>G mutation, except 1 carrier, who we believe is pre-symptomatic at 13 years of age (family 290, III-6).

The p.L13R mutation is located in the LEM domain at a highly evolutionary conserved position ([Figure 2A](#fig2){ref-type="fig"}). Three-dimensional protein remodeling of the mutated protein showed that the amino acid residue substitution R13 leads to steric hindrance to form a proper three-dimensional structure ([Figure 2B](#fig2){ref-type="fig"}).Figure 2The Mutation p.L13R in LEMD2 Causes Interstitial Fibrosis and Abnormal Nuclei in Affected Myocardial Tissue and Fibroblasts**(A)** Protein domain structure of human LEM domain containing protein 2 (LEMD2) and conserved motifs. **(Top)** the LEMD2 protein consists of an LEM domain, lamin A/C--binding domain, 2 transmembrane domains, and a Man1/Src1p C-terminal domain. Domain information was obtained from UniProt [@bib63] and Brachner et al. [@bib10]. The **red arrow** indicates the location of the human mutation. **(Bottom)** The leucine residue at position 13 **(yellow shadow)** of LEMD2 is conserved across species. **(B)** Predicted 3-dimensional structure of the N-terminal domain of LEMD2 with wild-type leucine (Leu) in the **left panel** and the replaced arginine (Arg) at position 13 in the **right**. **(C)** Histology of cardiac tissue from patient 600, II-16 (Pat) showing extensive interstitial fibrosis and myocyte hypertrophy compared with the control (Ctrl). **a,** Masson's trichrome (scale bar: 500 μm) staining shows fibrotic tissue in **blue**; **b**, hematoxylin and eosin staining (scale bar: 100 μm) and **(c)** picro sirius red (PSR) demonstrate collagen deposits (scale bar: 100 μm). Myocyte size in hematoxylin and eosin and collagen deposits in PSR were significantly increased in Pat vs. Ctrl; \*\*\*p \< 0.001. **(D)** Representative images of affected myocardial tissue **(upper panel)** recorded by transmission electron microscopy revealed elongation and bizarre shapes/invagination of the membrane **(arrowheads)** of nuclei with clumping of peripheral heterochromatin **(arrows)**. Transmission electron microscope images of fibroblasts **(lower panel)** from patient 600, II-18 (Pat) and age-matched control (Ctrl1). Note the abnormal morphology **(arrowhead)** of the nuclei and the condensed heterochromatin **(arrows)**. **(E)** Quantification of abnormal nuclei in patient and age-matched control fibroblasts at passage 2 (P2) and passage 15 (P15); n = 300 nuclei, respectively. There is a significant increase of abnormal nuclei in the patient cells (Pat) compared with the control (Ctrl1); n = 300 nuclei; \*\*\*p \< 0.001.

To determine the carrier frequency of the p.L13R mutation in the Hutterite population, we used a previously published resource available through the University of Chicago [@bib27], [@bib28]. Briefly, this resource consists of a database of 98 healthy Hutterite individuals from the S-leut branch who have had full genome sequencing (i.e., complete allele ascertainment) and another 1,317 healthy Hutterites from the S-leut branch who had a more limited analysis but were imputed for every possible genotype in the genome. The imputed genotypes were all calculated with high confidence by using linkage disequilibrium and pedigree analysis as previously described [@bib28]. The database was interrogated for the disease allele, and 8 individuals from the fully sequenced cohort were found to carry 1 copy, yielding an estimated carrier frequency of 1 of 13 (0.0769) assuming Hardy-Weinberg equilibrium. However, this frequency was even higher at 1 of 8 (0.125) when the larger cohort with imputed genotypes was used, suggesting this disease may have a very large impact in this population.

Affected heart tissue of a deceased patient and fibroblasts show elongated and invaginated nuclei with condensed peripheral heterochromatin {#sec2.3}
-------------------------------------------------------------------------------------------------------------------------------------------

We next analyzed heart tissue of the left ventricle from the deceased patient (family 600, II-16). Histology from specimens from patient 600, II-16 and a control LV heart sample demonstrated significantly more myocyte hypertrophy and interstitial fibrosis, as well as an increase in collagen deposits in the deceased patient tissue compared with control myocardium ([Figure 2C](#fig2){ref-type="fig"}). It has been previously reported that muscle cell nuclei from patient tissue with DCM due to mutations in the NE protein LMNA exhibit an alteration of nuclear morphology [@bib29]. To examine the structure of the nuclei, we performed transmission electron microscopy from cardiac tissue as well as from patient fibroblasts (family 600, II-18) compared with an aged-matched control (Ctrl1) at 2 different passage numbers (P2 and P15). The nuclei of the affected heart tissue appeared to be very abnormal in shape and heterochromatin structure. They were elongated and showed an invagination of the nuclear membrane as well as condensed clumping of peripheral heterochromatin ([Figure 2D](#fig2){ref-type="fig"}). All observed nuclei in cardiac tissue demonstrated those abnormalities (n = 100 nuclei examined). In patient fibroblast cells, the invagination of the nuclear membrane was also frequently noticed, but the peripheral chromatin was less condensed compared with the nuclei of the heart tissue. Abnormal fibroblast nuclei were detected in 80% of the nuclei (n = 300) at P2 and were increased to 90% at P15. Only a few abnormal nuclei (∼20%) at P2 and 30% at P15 were detected in 300 nuclei of the age-matched control ([Figure 2E](#fig2){ref-type="fig"}).

To investigate a potential mislocalization of mutant LEMD2, immunohistochemistry experiments were conducted of affected cardiac tissue, affected fibroblasts, and *in vitro* cellular expression studies of recombinant wild-type and mutant LEMD2 proteins. We detected LEMD2 at the expected localization at the nuclear membrane in cardiac tissue from patient 600, II-16 and fibroblasts from patient 600, II-18 by using a C-terminal LEMD2-specific antibody. There was no difference compared with the control subjects in either experiment. Furthermore, staining of cardiac tissue and fibroblast cells showed co-localization of both LMNA and LEMD2 in patients and control subjects ([Figures 3A and 3B](#fig3){ref-type="fig"}, [Supplemental Figure 1](#appsec1){ref-type="sec"}). We measured the expression of LEMD2 and LMNA by Western blot analysis using whole protein lysates from fibroblasts; no significant difference was noted between the patient and control subjects ([Figure 3C](#fig3){ref-type="fig"}).Figure 3Unchanged LEMD2 Localization and Expression in Patient Cells, Cardiac Tissue, and Transfected C2C12 Cells**(A and B)** Representative confocal images of patient and control myocardial tissue as well as fibroblasts showing normal localization of LEMD2 **(green, arrow)** co-localizing with lamin A/C **(red)** at the nuclear membrane; 4′,6′-diamidino-2-phenylindole (DAPI) **(blue)** indicates nuclei. Scale bars represent 20 μm. **(C)** Western blot showing LEMD2 and lamin A/C protein expression in fibroblasts in the **left panel**. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as loading control. Quantification by densitometry (n = 3 experiments with 2 to 3 replicates) of LEMD2; quantification of lamin A and C and LEMD2 protein expression in the **right panel** shows no difference. **(D)** Representative confocal images of transfected C2C12 cells with recombinant enhanced green fluorescent protein (eGFP)-tagged wild-type (WT) (p.L13) or mutant (p.R13) LEMD2 **(green)** co-transfected with mCherry--lamin A/C (LMNA) **(red)** demonstrated co-localization. Scale bar represents 20 μm. **(E)** Western blot analysis of eGFP-LEMD2 proteins after transfection into HEK293 cells. GAPDH was used for loading control. Quantification by densitometry (n = 3) reveals no difference in the protein level between mutant (p.R13) and WT (p.L13) LEMD2. Un = un-transfected; other abbreviations as in [Figure 2](#fig2){ref-type="fig"}.

We subsequently introduced the c.38T\>G mutation into a full-length human *LEMD2* complementary DNA clone and expressed either mutant or wild-type eGFP-tagged LEMD2 in C2C12 cells. The wild-type (p.L13) as well as the mutant (p.R13) protein showed normal localization at the nuclear membrane ([Figure 3D](#fig3){ref-type="fig"}), consistent with the finding in cardiac tissue and fibroblast cells. Furthermore, co-transfection with *LMNA* complementary DNA clone showed co-localization of both proteins in vitro. In addition, HEK293 cells expressing wild-type or mutant eGFP-LEMD2 demonstrated similar expression levels, indicating a stable mutant protein ([Figure 3E](#fig3){ref-type="fig"}).

The LEMD2 mutation induces a proliferation defect and cell senescence in patient fibroblasts {#sec2.4}
--------------------------------------------------------------------------------------------

To test the effect of mutant LEMD2 on cell proliferation, fibroblast cells from patient and 2 control subjects (age matched, younger control) underwent live cell counting using the IncuCyte microscope at different passage numbers (P2 and P15). We found that patient fibroblasts demonstrated a significantly diminished proliferation rate at P2 compared with both control subjects; however, the age-matched fibroblasts also showed slower rates of proliferation compared with the younger-aged control. At P15, patient cells did not proliferate but remained viable in culture, whereas both controls still proliferated ([Figure 4A](#fig4){ref-type="fig"}). Because this finding is a feature of premature senescence, we stained for β-galactosidase activity as a marker for cell senescence and found a significant increase in the number of cells positive for β-galactosidase at P6 and P15 in patient cells compared with both control subjects ([Figure 4B](#fig4){ref-type="fig"}). Remarkably, even fibroblasts from an individual 20 years older (Ctrl3) exhibited fewer β-galactosidase--positive cells compared with patient fibroblasts. We concluded that cells expressing mutant LEMD2 undergo premature senescence.Figure 4The LEMD2 p.L13R Mutation Inhibits Proliferation, Induces Cell Senescence, and Cell Cycle Arrest in Fibroblasts**(A)** Cell proliferation assay based on confluence from passage 2 (P2) in the **left panel** and P15 in the **right panel** in patient (Pat) fibroblasts, Ctrl1, and an older age ("high-senescence") control (Ctrl3). There was a significant difference in the rate of proliferation detected between both control subjects and patient at P2 and P15. The cells were imaged every 2 h for 90 h. n = 8 wells, mean ± SD, \*\*\*p \< 0.001. **(B)** Images of β-galactosidase (β gal)-stained fibroblasts from patient and Ctrl1 as well as Ctrl3 at passage 6 (P6) and P15 in the **left panel**. Note that the amount of blue-stained cells is visibly higher in patient cells. **(Right)** Quantification of β gal--stained cells revealed increased cell senescence in patient cells compared with both control subjects at passages as indicated (n = 3; \*\*p \< 0.01; \*\*\*p \< 0.001). **(C)** Fibroblasts stained with propidium iodide and measurements of the deoxyribonucleic acid content for each phase of the cell cycle by flow cytometry. Cells were taken from Ctrl1 at P6 and 9, from the patient (Pat) at passage 8 and passage 11, and from Ctrl3 at passage 12. Representative diagrams of each phase of the cell cycle are shown in the **left panel**. **(Right)** Quantification of the deoxyribonucleic acid content showed a potential arrest in the G1 phase in patient fibroblasts compared with Ctrl1 and similar to Ctrl3 at later passage. n = 3; ∗∗p \< 0.01; ∗p \< 0.05; \*\*\*p \< 0.001. **(D)** Western blot of Aurora B protein expression in patient and control cells on the left panel. GAPDH was used as loading control. **(Right)** Quantification by densitometry of Aurora B protein expression revealed a significant difference between both control subjects and patient fibroblasts. n = 3 experiments with each 2 to 3 replicates; \*\*\*p \< 0.001. Abbreviations as in [Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}.

LEMD2 has been shown to be involved in DNA replication and mitosis. To understand the effects of mutant LEMD2 on cell cycle progression, we stained fibroblasts from the patient and 2 control subjects by using propidium iodide and examined cell cycle phase distribution. A larger portion of patient cells and the older age control cells were unable to progress from the G1 phase to the S phase and resulted in a prolonged G1 phase, which was even more significant at higher passage numbers. These data indicate that mutant LEMD2 may induce a G1 arrest ([Figure 4C](#fig4){ref-type="fig"}). Furthermore, we examined levels of cell cycle regulatory protein (Aurora B), a well-established G2/M phase marker. Whole protein lysates from patient cells exhibited decreased levels of Aurora B expression compared with both control subjects, consistent with the result from the cell cycle experiment ([Figure 4D](#fig4){ref-type="fig"}).

The abnormal proliferation profile seen in mutant fibroblasts could be a consequence of the imbalance between proliferation and apoptosis. We therefore assessed increased apoptosis in patient tissue and fibroblasts. First, affected heart and liver tissue were stained with 5-bromo-2′-deoxyuridine 5′-triphosphate, and the number of brown apoptotic bodies was counted. No obvious apoptotic bodies were detected in the patient and 2 control tissues ([Figure 5A](#fig5){ref-type="fig"}). We used the same assay in the patient and control fibroblasts and measured broken DNA ends by using flow cytometry. No significant difference in the apoptotic signals between the patient and the 2 control subjects were detected ([Figure 5B](#fig5){ref-type="fig"}). Finally, we tested the expression of caspase 3 and annexin V in whole protein lysates from fibroblasts and found no difference between the patient and control cells ([Figure 5C](#fig5){ref-type="fig"}). These data suggest that the mutation in LEMD2 does not affect the apoptotic pathway.Figure 5The Mutation in LEMD2 Does Not Induce Significant Apoptosis**(A)** Apoptosis assays were conducted by labeling the deoxyribonucleic acid with 5-bromo-2′-deoxyuridine 5′-triphosphate) in heart and liver tissue from the affected patient (family 600, II-16) and control heart samples. A positive control was created by adding 1 μg/μl deoxyribonucleic acids. Apoptotic cells were detected as brown dots. No signs of apoptosis were detected in all tested tissue. **(B)** Terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling staining of fibroblasts and flow cytometry from patient and Ctrl1 and Ctrl3. The histograms of the fluorescein signal collected by using the terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling method are shown. There is no difference in the apoptotic signals between the 2 control subjects and patient cells. **(C)** Western blot analysis of apoptotic markers (annexin V, caspase 3 \[2 subunits: 17 and 19 KD\]) in patient and control fibroblasts on the left panel. GAPDH was used as loading control. Quantification of apoptotic markers by densitometry does not show a significant difference in expression levels (n = 3 experiments with each 2 to 3 replicates). Abbreviations as in [Figures 2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}, and [4](#fig4){ref-type="fig"}.

Discussion {#sec3}
==========

Genes-encoding INM proteins, most importantly *LMNA* and *EMD*, have been shown to be involved in the pathogenesis of human inherited DCMs. Here, we report a new homozygous missense mutation in the INM protein LEMD2 that leads to juvenile cataract and a severe form of arrhythmic cardiomyopathy with variable onset in people of the Hutterite founder population. We clinically and genetically characterized a cohort of 18 individuals from 2 different branches of the Hutterite population and found a primarily arrhythmic phenotype. Importantly, frequent ventricular arrhythmias and focal LV fibrosis preceded LV dilation and depressed myocardial performance, which are the classic hallmarks of DCM [@bib30]. However, the progression of LEMD2-associated disease may also lead to the common features of DCM: a hypokinetic left ventricle with decreased LV function as seen in one of the patients who required heart transplantation (family 290, II-5). However, our data support the requirement to recognize a broader phenotypic spectrum of DCM as recently outlined by Pinto et al. [@bib31], in particular for early stages of genetically determined cardiomyopathies. Because ventricular arrhythmias are often life-threatening before other clinical symptoms occur and precede LV dysfunction in most of our cases, we decided to call it "arrhythmic cardiomyopathy," which should also be distinguished from arrhythmogenic cardiomyopathy (ACM). In ACM, myocardium of the right, and often of both, ventricles are replaced by fibrotic and fatty tissue. Our patients did not exhibit any right ventricular involvement by cardiac imaging, we observed no fat tissue replacement in the histology of autopsy tissue, and none of the patients fulfilled the diagnostic Task Force Criteria for ACM [@bib32].

Interestingly, the delayed enhancement by CMR imaging detected subepicardial, subendocardial, and at later stages transmural patchy fibrosis affecting mainly the inferior and inferolateral wall segments. Although the LGE pattern was suggestive of an ischemic etiology, there was no evidence of obstructive coronary artery disease on cardiac computed tomography imaging or coronary angiography. Localized fibrotic patterns have also been shown in other forms of cardiomyopathy; for example, storage diseases such as Fabry and Danon disease exhibiting predominantly inferolateral scarring [@bib33], [@bib34]. Scar formation in DCM is often a sign of poor prognosis due to malignant arrhythmias and sudden death, which is common in our LEMD2 population. More than one-third (7 of 18) of patients died suddenly or required resuscitation and/or an ICD shock for malignant arrhythmias, indicating that clinical risk assessment should be attentive to arrhythmias and late enhancement in the CMR images rather than focus on the LV function, which was either normal or mildly reduced in most cases.

Even if not directly comparable, the outcome of *LMNA*-related DCM is known as less favorable compared with other forms of DCM [@bib35], [@bib36], [@bib37] . Myocardial fibrosis with minor systolic dysfunction and dilatation, but significant atrioventricular conduction disease, is a common feature of *LMNA* mutation carriers, particularly in early disease [@bib38]. In addition, EMD-related cardiomyopathy often starts with sinus bradycardia and conduction disease [@bib39]. Similar to *LEMD2* disease, in *LMNA* and *EMD* cardiomyopathy, fibrosis and arrhythmias usually preceded the DCM phenotype, but in contrast, *LEMD2* cardiomyopathy did not present with major conduction defects, at least not in our patients. Further clinical characterization of a bigger patient cohort and longer follow-ups will help to define the phenotype and outcome of *LEMD2* cardiomyopathy more precisely.

LEMD2 is one of the Group II LEM domain proteins that contain an amino-terminal LEM domain in the nucleoplasm and 2 interior transmembrane domains. It interacts with LMNA by its N-terminal and transmembrane domains. The localization of LEMD2 in a lamin-dependent manner is mediated by the retention domain inside the N-terminal of LEMD2 ([Figure 1D](#fig1){ref-type="fig"}). Deficiency or loss of the A-type lamins (*LMNA*) causes mislocalization of the LEMD2 protein to the endoplasmic reticulum [@bib10]. If and how our missense mutation affects LMNA association was investigated by co-localization studies in cardiac tissue and fibroblast cells, as well as transfected C2C12 cells. Our results showed that the localization of both LEMD2 and LMNA at the NE was not altered, indicating that the mutation may not affect the retention signal and thus LMNA binding.

A remarkable finding was the bizarre nuclear morphology and the abnormally condensed peripheral chromatin in affected heart tissue and fibroblast cells. It is known that deficiency of LEMD2 disrupts the NE structure and causes a misshaped nucleus with invaginations and lobulations [@bib40], [@bib41], resulting in lower nuclear circularity in the *Caenorhabditis* *elegans* mutant [@bib42]. LEMD2 has an important indirect role in chromatin organization because it is a binding component of the peripheral heterochromatin A-tether through formation of a complex with the N-terminus of LMNA [@bib43]. It also binds the DNA-binding protein BANF, which can influence histone posttranslational modifications [@bib44]. BANF plays important structural roles in nuclear assembly and chromatin architecture during interphase, and undefined roles in gene regulation. It regulates specific gene expression through its interaction with LEM proteins. It is a common feature of many LEM proteins to interact directly with transcriptional regulators [@bib45]. We hypothesize that the L13R mutation may disrupt the interaction of BANF and LEMD2, which in turn leads to abnormal downstream transcriptional regulation. Interestingly, in *Schizosaccharomyces pombe*, the chromatin association and tethering of centromeres to the periphery are mediated by the LEM domain of yeast LEMD2, whereas the C-terminal MSC domain is required and sufficient to mediate the proper localization of telomeres [@bib46] and contributes to heterochromatin silencing [@bib47]. We speculate that the abnormal chromatin condensation was either caused by a binding defect to BANF or an increased affinity for the LEM domain to bind with centromeres because of the mutated positive charged "arginine," which may lead to heterochromatin augmentation.

We investigated cell proliferation, cell cycle arrest, and β-galactosidase activity in patient fibroblasts. Mutated fibroblasts showed a trend toward disturbed cell proliferation, cell cycle arrest in G1 phase, and increased β-galactosidase activity, which is a consequence of an increased number of lysosomes [@bib48]. In combination with the abnormally condensed peripheral chromatin, these affected cells enter into senescence. The condensed punctate foci of peripheral chromatin are termed senescence-associated heterochromatin foci (SAHF) [@bib49], [@bib50]. SAHF formation occurs relatively late during the onset of senescence [@bib51] and is prominent in acute senescence models, such as oncogene-induced senescent cells, and infrequently detected in replicative senescent cells [@bib52], [@bib53]. SAHFs are generated by a spatial rearrangement of pre-existing heterochromatin involving a clustering of regions that share specific histone modifications [@bib54], [@bib55], [@bib56]. They appear to maintain senescence through repression of growth-promoting genes [@bib57], a process that might be important in the pathogenesis of LEMD2-associated cardiac disease.

We observed that a high percentage of patient fibroblasts exhibited premature cell senescence compared with control subjects, whereas apoptosis did not play a major role. Recently, several studies have shown that senescent cells actively suppress apoptosis [@bib58], [@bib59]; Chang et al. [@bib60] and Zhu et al. [@bib61] used the antiapoptotic protein inhibitors to trigger the senescent cells into apoptotic death. Apoptotic cells are eliminated by phagocytes in a manner that does not stimulate inflammation [@bib62]; senescent cells are viable, however, and have the potential to influence neighboring cells through pro-inflammatory secretion of growth factors and cytokines, which are well known as the senescence-associated secretory phenotype. These phenotypes may influence the development of cardiomyopathy due to inflammation followed by fibrosis.

There are number of unanswered questions in this disease, including: Why is there a phenotype restricted to the heart and lens despite ubiquitous LEMD2 expression? How does the mutation disturb the interaction to potential binding partners? How does the abnormal nuclear morphology affect gene transcription and signal transduction? More mechanistic research needs to be conducted to understand the complex mechanisms involved in the pathogenesis of the p.L13R LEMD2 mutation in the development of cardiomyopathy.

Conclusions {#sec4}
===========

Mutation in LEMD2 leads to a syndromic form of early-onset cataract and an arrhythmic DCM in which ventricular arrhythmias often precede dilatation and LV dysfunction. Mutant LEMD2 leads to remarkable changes in the shape of nuclei with condensed heterochromatin formation, reduced proliferation capacity, and cell senescence in fibroblasts suggesting the involvement of LEMD2 in chromatin remodeling and premature aging.Perspectives**COMPETENCY IN MEDICAL KNOWLEDGE:** Familial DCM can be caused by mutated proteins involved in many subcellular systems, but the NE and its interacting proteins play an emerging role in the pathogenesis of DCM. *LEMD2* is a novel disease gene for DCM with an arrhythmic phenotype preceding LV dysfunction similar to *LMNA*- and *EMD*-related cardiomyopathies. Our analysis presents for the first time a detailed description of the cardiac phenotype associated with LEMD2 disease, as well as pathogenetic and molecular findings observed in patient cells and cardiac tissue indicating chromatin remodeling, reduced proliferation capacity, and cell senescence. LEMD2 disease expands the spectrum of clinical laminopathies and may account for a proportion of cardiomyopathy of undetermined cause in populations outside the Hutterites.**TRANSLATIONAL OUTLOOK:** Despite decades of discovery, the complex mechanisms of laminopathies leading to cardiac disease and premature aging (progeria) are still not fully understood. LEMD2 as a new player, and its role in cardiomyopathy, may help to further unravel the interactions of INM proteins of the INM, nucleoplasm, and cytoplasm. It may also aid in determining the roles of INM proteins in the maintenance of cellular integrity, in regulation of signaling pathways, and in chromatin organization and regulation of gene expression. Future research should focus on the role of LEMD2 in health and disease and may add a piece to the puzzle of understanding the complex network involved in laminopathies.
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========

Supplemental Tables 1 and 2 and Supplemental Figure 1

The authors thank the family members for their help and participation in this study. They also thank Dr. Yong Xiang Chen (University of Calgary) for his help with the histology and Kristina Martens (University of Calgary) for her technical help in the laboratory. They are also thankful to Dr. Wei-Xiang Dong (University of Calgary) for his help performing the transmission electron microscopy, as well as Dr. Rima-Marie Wazen and Dr. Pina Colarusso (University of Calgary) for helping with the IncuCyte ZOOM system. The IncuCyte ZOOM system has been purchased by the International Microbiome Centre, which is supported by the Cumming School of Medicine, University of Calgary, Western Economic Diversification, and Alberta Economic Development and Trade, Canada.

The authors thank the Genome Aggregation Database and the groups that provided exome and genome variant data to this resource. A full list of contributing groups can be found at <http://gnomad.broadinstitute.org/about>.

This research was supported by the Care4Rare Canada Consortium funded by Genome Canada, the Canadian Institutes of Health Research, and the Ontario Genomics Institute with additional funding provided to the predecessor of Care4Rare, FORGE Canada, by Genome Quebec, Genome British Columbia, and the McLaughlin Centre to Dr. Frosk. The study was further supported by Alberta Innovates Health Solutions (grant no. 201200822), the Canadian Institutes of Health Research (FRN: 123351), and the Libin Cardiovascular Institute of Alberta to Drs. Gerull and Abdelfatah. Support was also provided by the German Ministry of Education and Research, Berlin, Germany (grant no. 01EO1504 to Dr. Gerull). All other authors have reported that they have no relationships relevant to the contents of this paper to disclose.

All other authors attest they are in compliance with human studies committees and animal welfare regulations of the authors' institutions and Food and Drug Administration guidelines, including patient consent where appropriate. For more information, visit the *JACC: Basic to Translational Science*[author instructions page](http://www.basictranslational.onlinejacc.org/content/instructions-authors){#intref0010dfg}.

[^1]: Drs. Abdelfatah and Chen contributed equally to this work and are joint first authors.

[^2]: All living individuals are homozygous mutation carriers of the LEMD2 mutation.

[^3]: CMR = cardiac magnetic resonance imaging; ICD = implantable cardioverter-defibrillator; ILR = internal loop recorder; LA = left atrium; LBBB = left bundle branch block; LVEDi = left ventricular end-diastolic volume index; LVEF = left ventricular ejection fraction; LVEDD = left ventricular end-diastolic diameter; MV = mitral valve; nsVT = no sustained ventricular tachycardia; NA = not available; RV = right ventricular; RBBB = right bundle branch block; RVEDVi = right ventricular end-diastolic volume index; RVEF = right ventricular ejection fraction; SA-ECG = signal averaged electrocardiogram; SR = sinus rhythm; PAC = premature atrial beat; PVCs = premature ventricular complexes.

[^4]: Autopsy report summary: Heart was not enlarged but showed area of scarring at left ventricular (LV) free wall. Microscopic findings: Extensive transmural scar with neovascularization. Myocytes at the edge of scar are hypertrophied. The fibrosis extends around the myocytes and appears to expand interstitial spaces from the endocardium to the epicardial surface. There was no gross or microscopic vascular disease as well as no acute inflammation (no myocarditis).

[^5]: Corresponding individual described by Boone et al. [@bib16].
